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ABSTRACT 
 Prairie-pothole-wetland water budgets are largely dependent on atmospheric interactions. 
Modeling of prairie-pothole wetlands has suggested that climate change may cause significant 
decreases to a wetland’s hydroperiod and ponded-water area. Thus, waterfowl populations are 
expected to suffer under a changed climate. I performed an in-depth literature review to 
summarize the effects of climate change and upland management on prairie-pothole wetland 
hydrology. The literature review was used to determine practices that were utilized in an 
experimental investigation of the effects of upland management on wetland hydrology. I also 
used a wetland simulation model to explore the use of grazing and burning to mitigate the effects 
of climate change on prairie-pothole wetlands. Results from my field experiments and model 
simulations suggest that increased temperatures will have a significant impact on wetland 
hydrology, impacts that may be partially mitigated with upland-vegetation management. 
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CHAPTER 1. CLIMATE CHANGE AND PRAIRIE-POTHOLE WETLANDS – 
MITIGATING WATER-LEVEL AND HYDROPERIOD EFFECTS THROUGH 
UPLAND MANAGEMENT
1
 
1.1. Introduction 
The Prairie Pothole Region (PPR) encompasses approximately 777,000 square kilometers 
(Smith and others, 1964) ranging from central Alberta in Canada southward to north-central 
Iowa in the United States (fig. 1). The PPR landscape is dotted with 5–8 million wetlands 
commonly called “potholes” or “sloughs” that were formed as Pleistocene Epoch glaciers 
receded around 12,000 years ago (Dyke and Prest, 1987). The wetlands formed where water 
accumulated in small depressions in a landscape that is underlain by low-permeability glacial till.   
The climate of the PPR is highly dynamic and characterized by a west-to-east 
precipitation gradient, being drier in the west and wetter in the east (300–900 millimeters per 
year) and a north to south temperature gradient, being colder in the north and warmer in the 
south (average of 1–10 degrees Celsius [°C]; Millett and others, 2009). Across the temperature 
gradient, the PPR also experiences great seasonal changes. Temperatures below -40 °C in the 
winter and above 40 °C in the summer are not uncommon. Wind speeds in the PPR often exceed 
60 kilometers per hour, greatly influencing evapotranspiration rates in the summer and 
movement of snow in the winter. Furthermore, the PPR climate fluctuates between wet and dry 
periods, with periods of deluge often being followed by drought (Winter and Rosenberry, 1998).  
                                                             
1
 This chapter was previously published as a USGS Scientific Investigations Report and is in the public domain. The 
chapter was coauthored by David Renton, David Mushet, and Edward DeKeyser. David Renton had the primary 
responsibility of reviewing the literature for this chapter and the conclusions are his own. David Renton drafted and 
revised all versions of this chapter, while David Mushet and Edward DeKeyser proofread and edited his material.  
Renton, D.A., Mushet, D.M., and DeKeyser, E.S., 2015, Climate change and prairie pothole wetlands – Mitigating 
water-level and hydroperiod effects through upland management: U.S. Geological Survey Scientific Investigations 
Report 2015-5004, 21 p., http://dx.doi.org/10.3133/sir20155004. 
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Overall, the great climate variability is a key feature affecting PPR wetlands and the biotic 
communities that the wetlands support (Euliss and others, 1999). 
 
Figure 1. Extent of Prairie Pothole Region in North America. 
The dynamic nature of the PPR climate creates wetlands of differing water permanence. 
Wetland types have been prescribed on the basis of water permanence and diagnostic vegetation 
that forms zones reflective of differing water depths (Stewart and Kantrud, 1971). Temporary 
wetlands are typically wet for a few weeks after snowmelt or after a heavy rainstorm and have a 
plant community that consists primarily of wet-meadow vegetation located in the central, deepest 
zone of the wetlands. Seasonal wetlands usually are dry by midsummer and have shallow-marsh 
vegetation that dominates the central zone of the wetlands. Semipermanent wetlands frequently 
have water for the entire growing season but may be dry during years of drought. Deep-marsh 
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emergent and (or) submergent vegetation characterizes the central zone of semipermanent 
wetlands. Groups of different classes of wetlands form what is known as wetland complexes 
(Johnson and others, 2010). However, a working definition of a “wetland complex” has yet to be 
defined.  
Wetlands in the PPR are host to a variety of wildlife including invertebrates, fish, 
amphibians, reptiles, small mammals, and birds; most notably waterfowl. Many other groups of 
animals have been directly and indirectly affected by wetlands (Kantrud and others, 1989); 
however, waterfowl have received the most attention because of their monetary and sporting 
value and their high degree of dependence on wetlands of the PPR. The PPR consists of only 10 
percent of the total waterfowl breeding habitat area in North America, yet it produces 50–80 
percent of North America’s waterfowl populations (Batt and others, 1989). Thus, the PPR is a 
recreational hotspot for waterfowl hunters. The PPR also produces the birds that support 
recreational hunting opportunities along flyways and in overwintering areas outside of the PPR. 
Prairie pothole wetlands also provide a wide variety of benefits other than serving as aquatic 
habitats in a terrestrial landscape. The benefits include sediment entrapment, water-quality 
improvement, flood control, groundwater recharge, recreation, and aesthetic values (Kantrud and 
others, 1989; Leitch, 1996; Gleason and others, 2008; Werner and others, 2013).  
Despite the benefits that wetlands provide, they have historically been seen as a nuisance 
and a hindrance to agricultural production (Leitch, 1989). This misunderstanding has led to many 
PPR wetlands being filled, drained, or otherwise manipulated to facilitate crop production. In the 
conterminous United States, it has been estimated that 60–65 percent of PPR wetlands have been 
lost (Dahl, 2014). Remaining prairie-pothole wetlands are sensitive to changes in climate 
because of their dependence on atmospheric interactions (Winter and Rosenberry, 1998). Prairie 
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potholes receive water through direct precipitation, runoff, and snowmelt. The potholes lose 
water primarily through evapotranspiration, which varies temporally and geographically in the 
PPR and is typically greater than inputs (fig. 2). Climate change can not only alter water inputs, 
but associated increased temperatures can enhance evapotranspiration rates as well. Interactions 
with groundwater often play a small role in a wetland water budgets but can have significant 
effects on water chemistry (LaBaugh and others, 1998; Swanson and others, 2003). The net 
annual water budget of a prairie-pothole wetland ranges from -10 to -60 centimeters (cm; Winter, 
1989). Therefore, any change to water inputs from a changing climate has the potential to greatly 
affect water levels and hydroperiods (the period of time a wetland contains ponded water) of 
prairie pothole wetlands. However, changes in land use and management can alter 
evapotranspiration, infiltration, runoff, and snow dispersal patterns within a watershed, 
potentially providing a mechanism to mitigate climate change effects.  
 
Figure 2. Generalized view of a prairie-pothole wetland’s water budget. 
The purpose of this study was to (1) summarize current (2014) research on the effects of 
upland-management techniques on prairie-pothole-wetland water levels and hydroperiods and 
(2) identify potential upland-management techniques that may be used to offset effects of climate 
change on valued wetland ecosystems. Accurate estimates of climate change are needed in order 
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to estimate effects on wetland dynamics in the PPR; thus, the current (2014) literature on 
regional projections of climate change also was reviewed during the study. 
1.2. Climate-Change Effects on Prairie-Pothole-Wetland Hydrology 
Temperature of the Earth’s atmosphere is predicted to increase between 1.5 and 4 °C by 
2100 accompanied by an increase in total precipitation (Intergovernmental Panel on Climate 
Change, 2013). The increased patterns are anticipated to differ among regions. Temperatures are 
likely to increase between 3.7 and 6.1 °C in the Great Plains by the 2090s (Ojima and others, 
2002). However, a greater warming trend is expected in the winter and spring compared to the 
summer or fall. Also, the number of frost-free days is expected to increase for the region, 
resulting in an earlier advancement of spring conditions (Meehl and others, 2004; Johnson and 
others, 2010). Precipitation is more difficult to model because of the great variability of the 
region. Nevertheless, precipitation is expected to range from -5 to +10 percent of current 
conditions (Intergovernmental Panel on Climate Change, 2013). The west to east precipitation 
gradient characteristic of the PPR may steepen or shift eastward under future climate scenarios 
(Johnson and others, 2005, 2010). However, gains in precipitation will likely be offset by 
increased evapotranspiration rates resulting from increased temperatures and evaporative 
demands (Ballard and others, 2014). Additionally, the frequency and severity of drought and 
deluge conditions are expected to intensify under an increased greenhouse-gas climate (Ojima 
and others, 2002; Johnson and others, 2004; Intergovernmental Panel on Climate Change, 2013).  
Some of the changes associated with a globally changing climate have already been 
detected in the PPR. Air temperatures in the PPR have risen by 1 °C during the past century 
(Millett and others, 2009). The average increase in minimum daily temperatures has been greater 
than the average increase in maximum daily temperatures with the largest changes taking place 
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during the winter (Millett and others, 2009). Additionally, the growing season in North Dakota 
has lengthened by an average of 1.2 days per decade from 1879 to 2008 (Badh and others, 2009). 
The trends are similar to those taking place in Canada (Zhang and others, 2000) and reflect 
global average increases in temperature (Intergovernmental Panel on Climate Change, 2013). 
Across the PPR, precipitation varied by region but on average increased by 9 percent during the 
twentieth century (Millett and others, 2009). Most of the increased precipitation took place in the 
southeast part of the region (Ballard and others, 2014) and during the last decade of the century 
(Garbrecht and Rossel, 2002). However, observed wetting trends are within the range of natural 
variability and therefore, might not continue (Ballard and others, 2014). 
1.2.1. Modeling Wetland Response to Climate Change 
Modeling of prairie-wetland hydrology began with a spatial simulation model called 
WETSIM (WETland SIMulator). WETSIM consisted of two rule-based submodels that 
simulated hydrologic and vegetative dynamics of a prairie-pothole wetland (Poiani and Johnson, 
1991, 1993a, 1993b; Poiani and others, 1995, 1996). The early versions of the WETSIM model 
(WETSIM 1.0-2.0) were set up and tested using data from a single semi-permanent wetland with 
a comprehensive hydrologic dataset. The effects that a changing climate would have on the 
prairie-pothole wetland were explored by forcing different climate scenarios on the simulated 
wetland using the WETSIM model (Poiani and Johnson, 1991, 1993a; Poiani and other, 1995). 
Temperature and precipitation scenarios were based on current general circulation models at the 
time. The results of these initial climate-forcing experiments indicated that the simulated wetland 
would become less dynamic under a warming climate as predicted with a doubling of 
atmospheric carbon dioxide (CO2). Overall, water levels in the wetland were lower under 
scenario conditions as compared to historic conditions. The wetland also spent more time dry 
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and choked by stands of emergent cover under the conditions simulated. The results indicated 
that climate change could have consequences for wildlife that depend on prairie-pothole 
wetlands because of a decline in habitat quality.  
WETSIM 1.0–2.0 only assessed surface processes as related to wetland dynamics and did 
not include land management as a variable. Thus, WETSIM 3.0–3.1 was developed to include 
groundwater interactions and integrate land-management effects. WETSIM 3.1 and 95-year 
climate datasets from 18 weather stations located across the PPR were used to assess the effects 
of climate change across the PPR (Johnson and others, 2005). The three different climate 
scenarios that were simulated are as follows: (1) a 3 °C temperature increase, (2) a 3 °C 
temperature increase with a concurrent 20 percent increase in precipitation, and (3) a 3 °C 
temperature increase with a 20 percent decrease in precipitation. Model results fluctuated with 
each treatment. A 3 °C temperature increase alone caused a shift of favorable water and 
vegetative cover conditions to the northern and eastern edges of the PPR. When temperature and 
precipitation were increased, the output was similar to the historical simulations. The increases in 
precipitation in conjunction with the temperature increase created a counterbalancing effect. A 
co-occurring increase in temperature and decrease in precipitation had the greatest effect; 
causing favorable habitat conditions to shift to the very southeast corner of the PPR. In general, 
wetlands located in the drier, western parts of the PPR were determined to be most at risk. Only a 
substantial increase in precipitation was determined to ameliorate the effects of elevated 
temperatures (Johnson and others, 2005).  
To overcome limitations of the WETSIM model, a new model was developed (Johnson 
and others, 2010). This new model, WETLANDSCAPE, was able to simulate wetland surface 
area, vegetation, and groundwater dynamics of multiple wetlands, specifically three temporary, 
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three seasonal, and four semi-permanent wetlands. Within the set, interactions among wetlands 
could transpire by means of overland flow. Using climate data for the region, Cover Cycle Index 
(CCI) values were assigned for the complex. The CCI is a measure of the percentage of time a 
wetland spends in the hemi-marsh stage (equal percentage of open water and emergent 
vegetation) and the number of cover-cycle stage changes. Prairie wetlands cycle among the 
following four stages: (1) a dry stage with thick emergent cover, (2) a regenerating stage where 
reflooding and subsequent germination from a seed bank take place, (3) a degenerating stage 
where emergent plant growth starts to decline because of high water, and (4) a lake stage where 
water is at a maximum and emergent vegetation is restricted to the shoreline (van der Valk and 
Davis, 1978). A complete cycle among the stages is called a wetland’s “return time” and 
potentially affects wetland productivity (Swanson and others, 2003). The CCI has not been 
rigorously evaluated; however, Johnson and others (2010) indicated that the CCI could be used 
as a metric of wetland productivity (i.e. higher CCI values represent higher productivity).  
The WETLANDSCAPE model was calibrated using 13 years of water-level and 
groundwater data and 3 years of field observations. Using 100-year datasets from 19 weather 
stations located across the PPR, temporal and spatial changes in wetland dynamics were 
detected. To test changes in wetland hydroperiod and CCI values, three future climate scenarios 
were applied. The scenarios included a 2 °C temperature increase, a 4 °C temperature increase, 
and a 4 °C temperature increase with a 10 percent increase in precipitation. With each 2 °C 
temperature increase, the open-water (that is, ice-free) season extended by about 10 days 
(Johnson and others, 2010). A 4 °C temperature increase extended the open-water season by 13–
26 percent. The temperature change had a greater effect on retracting spring thaw than on 
extending fall freeze, and the more permanent wetlands were affected greatest by a changing 
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climate. Unexpectedly, temporary wetlands were determined to be the most resilient wetland 
type. In the historic simulation, the most favorable CCI class covered 47 percent of the PPR and 
was mainly located in the central PPR (Johnson and others, 2010). This region is known for its 
high waterfowl production (Batt and others, 1989). As the temperature was increased, the region 
with the highest CCI values shifted towards the east (fig. 3). With a 4 °C temperature increase, 
highest CCI values occurred in the very south eastern and north eastern areas of the PPR. The 
percentage of the favorable CCI values decreased to 30.8 and 12.5 percent for 2 and 4 °C 
temperature increases, respectively. When a 4 °C temperature increase was paired with a 10 
percent precipitation increase, the results were similar to that of the 2 °C temperature increase 
scenario. In general, a 5 to 7 percent precipitation increase was needed to counteract a 1 °C 
temperature increase (Johnson and others, 2010). Water levels and hydroperiod also decreased 
significantly (fig. 4). A hydroperiod of 100 days historically occurred 22 out of 100 years; 
however, under a warmer climate this frequency would decline sharply (Johnson and others, 
2010). The results of the model indicate that reductions in hydroperiod would likely have 
detrimental effects on wetland dependent species that require a minimum hydroperiod length for 
breeding or lifecycle completion.  
10 
 
 
Figure 3. Shifts in the cover-cycle index for the Prairie Pothole Region under several climate-
change scenarios. 
 
Figure 4. Frequency of hydroperiod calculated for a seasonal prairie-pothole wetland. Vertical 
line shows frequency of a 100-day hydroperiod. 
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The WETLANDSCAPE model was also used to hindcast simulated wetland variability 
for the PPR over two 30-year periods (1946–75; 1976–2005). Using weather records for these 
two periods, wetland conditions were simulated to observe any changes that may have been 
because of climate change (Werner and others, 2013). Data from 19 weather stations located 
across the PPR were used to calculate the CCI values for each location for the two periods. 
Changes in temperature and precipitation caused changes in CCI values for the PPR (fig. 4). The 
area covered by the least productive CCI class increased from 40 to 47 percent for the 1946–
1975 and 1976–2005 periods, respectively (Werner and others, 2013). The least productive CCI 
class increased primarily in the western part of the PPR. Air temperatures in the western region 
increased the most over any other part of the PPR. The most productive CCI class did not change 
in extent but instead shifted eastward. Precipitation in the southeast increased causing wetlands 
to become stuck in an open water stage and not cycle among cover stages as frequently; 
therefore, CCI values for this region decreased. Generally, there was a northeasterly shift in 
productivity within the PPR. The simulated changes in CCI values indicated that climate caused 
a sufficient enough change for the two time periods to produce significant changes in 
productivity (Werner and others, 2013).   
Results from the WETSIM and WETLANDSCAPE models indicate that climate change 
may cause an eastward shift in the PPR of the most favorable areas for waterfowl (Johnson and 
others, 2005, 2010; Werner and others, 2013). However, the eastern part of the PPR has the most 
highly productive farmland; thus, the wetlands in the eastern part of the PPR have been 
extensively drained to accommodate crop production (Dahl, 1990, 2014; Tiner, 1984, 2003). 
Although wetland restoration has been taken place since the 1960s (Knutsen and Euliss, 2001), 
only 1 percent of the wetlands in the eastern region of the PPR have been restored, primarily 
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because of the high cost of obtaining easements on the productive farmlands (Johnson, 2005). 
However, the results should be interpreted with caution as modeled shifts in favorable wetland 
habitat may be because of a lack of spatial and temporal variation in the model design. 
Additionally, the CCI used in the WETLANDSCAPE model has not been evaluated rigorously 
as a metric for either wetland or waterfowl productivity, and even assumed relations between 
semi-marsh conditions and productivity have recently been brought into question (Euliss and 
Smith, 2010). 
Separate from the WETSIM and WETLANDSCAPE efforts, a set of models were 
developed based on analyses of waterfowl breeding and habitat survey data (Larson, 1995). Data 
consisted of waterfowl and wet basin counts from aerial surveys done in May of each year by the 
U.S. Fish and Wildlife Service and the Canadian Wildlife Service (Henny and others, 1972). 
Because of the large area covered by the surveys, these models accounted for geographic 
differences in wetland morphology. A post-hoc stratification of the survey data into U.S. 
grassland, Canadian grassland, and Canadian parkland regions was performed and each region 
was modeled independently. The models for Canadian grassland and parkland regions were 
created using data from 1968 to 1990 and the United States grassland model was created using 
data from 1973 to 1987 (Larson, 1995). Historical climate datasets that included monthly 
maximum, minimum, and average temperatures and total precipitation were also obtained 
(Larson, 1995). Linear regression was then used to explore the relations between the number of 
wet basins and climate for each of the three regions (Larson, 1995). The models were then tested 
and ran for part of the study area to estimate model accuracy. The models explained 63–65 
percent of the variation in number of wet basins for the three regions, indicating that climate is 
the primary driver in wetland dynamics (Larson, 1995). The models accurately simulated the 
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number of wet basins with the use of climate data, and the models held up to tests of random data 
deletion.  
In order to elucidate the effects of climate change on the number of wet basins in the 
PPR, a set of six climate scenarios was imposed on the models (Larson, 1995). The six scenarios 
tested were +3 °C, +6 °C, +10 percent precipitation, +3 °C and +10 percent precipitation, -10 
percent precipitation, and +3 °C and -10 percent precipitation. Effects were not uniform for each 
of the three regions (table 1). All regions experienced a decline in number of wet basins with an 
increase in temperature alone; however, the effects were greatest in the Canadian Parkland 
region. An increase in precipitation of 10 percent resulted in an even increase in percent wet 
basins across all regions. A 10 percent precipitation increase was able to ameliorate some of the 
effects of an increase in temperature. A decrease in precipitation had a negative impact on the 
number of wet basins, with all regions affected similarly. The largest decrease in number of wet 
basins was a 3 °C increase and a 10 percent decrease in precipitation. Again, the Canadian 
Parkland region was most affected. Through this analysis, Larson (1995) was able to ascertain 
that PPR wetlands are sensitive to climate change and identified the Canadian Parkland region as 
being especially vulnerable.  
Table 1. Projected percentage of wet basins per year in the Prairie Pothole Region under 
differing climate-change scenarios. 
Region 
Mean percentage of wet basins per year (percentage change in parentheses) 
Historical +3 °C +6 °C 
+10 % 
precip. 
+3 °C and 
+10 % 
precip. 
-10 % 
precip. 
+3° C and   
 -10 % precip. 
Canadian parkland 51.5 22.4 (-56) 4.5 (-91) 57.2 (+13) 31.2 (-38) 36.3 (-28) 13.4 (-74) 
Canadian grassland 49.2 42.0 (-15) 35.1 (-29) 55.0 (+12) 50.0 (+2) 38.9 (-21) 34.1 (-31) 
U.S. grassland 51.4 36.4 (-28) 22.8 (-56) 57.8 (+12) 45.3 (-12) 38.2 (-26) 22.8 (-56) 
[From Larson (1995); °C, degrees Celsius] 
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In another attempt to link climate to the number of wet basins and waterfowl numbers, 
the Palmer Drought Severity Index (PDSI) was used as an indicator of habitat conditions and 
vulnerability of prairie-pothole wetlands to climate change (Sorenson and others, 1998). The 
PDSI uses climate data to create a water budget that takes supply and demand into account. 
Monthly precipitation and temperature values are balanced using soil moisture, stored water, 
runoff, potential evaporation, and previous conditions. Values are normalized so that 
comparisons can be made among different geographic locations and time frames. The PDSI is a 
scale from approximately +8.0 to -8.0, with wetter conditions being reflected by higher values 
and drier conditions by lower values (Palmer, 1965). May PDSI values were obtained for 22 
climate divisions within the U.S. parts of the PPR during 1955–96. The PDSI values were then 
correlated with the number of wet basins and total duck populations from nine survey strata 
collected by the U.S. Fish and Wildlife Service (Henny and others, 1972). Results indicated that 
May PDSI values not only correlated strongly with the number of May ponds but also with 
breeding-duck populations (fig. 5).  
 
Figure 5. Estimated May breeding-duck population and the average May Palmer Drought 
Severity Index during 1955–96 for the north-central United States. 
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A model was then created using a linear regression between May PDSI values and the 
number of wet basins and total numbers of ducks, and then the model was tested to fit archival 
PDSI values from 1931 to 1990 (Sorenson and others, 1998). This model was used to simulate 
the number of wet basins and duck populations under scenarios that included temperature 
increases of 0, 1.5, 2.5, and 4.0 °C; and precipitation changes of -10, 0, +7, and +15 percent 
applied uniformly across all months. Changes in temperature and precipitation altered PDSI 
values, which in turn affected the number of May ponds and the breeding-duck population 
(Sorenson and others, 1998; fig. 6). An increase in temperature of 1.5 °C alone caused the PDSI 
value to average -2.61 for April through August, which caused about a 40 percent decrease in the 
number of May ponds and the breeding-duck population. Increases of 2.5 and 4.0 °C caused 
extreme drought conditions with PDSI values less than -4 and losses of wet basins and duck 
populations by 70 percent or more. Increases in precipitation were able to compensate for some 
of the effects of higher temperatures but generally were not enough to negate the effects. Of the 
12 scenarios that had increases in temperature, only 1 did not result in lower PDSI values; a 15% 
increase in precipitation fully compensated for the effects of a 1.5 °C temperature increase. 
Results from the simulations indicate that large increases in precipitation are needed in order to 
lessen the effects caused by increased temperature (Sorenson and others, 1998).    
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Figure 6. May ponds and waterfowl populations under different scenarios of temperature and 
precipitation. A, Simulated number of wet basins and B, simulated breeding-waterfowl 
population. Dashed line represents the historical average during 1955–96. 
Sorenson and others (1998) also tested two general circulation models. The first general 
circulation model was developed by the Geophysical Fluid Dynamics Laboratory (GFDL Q-flux 
model; Manabe and Wetherald, 1987) and involved an immediate doubling of atmospheric CO2. 
The second model was developed by the United Kingdom Hadley Center (UKHC; Murphy and 
Mitchell, 1995) and involved a gradual increase of atmospheric CO2 by 1 percent each year. 
Simulations using the GFDL Q-flux and UKHC models revealed increased drought conditions 
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and decreased numbers of May ponds and duck populations under a changing climate (table 2; 
Sorenson and others, 1998). The GFDL Q-flux model that doubled atmospheric CO2 levels 
caused average May PDSI values to drop to -3.40; the historical PDSI average was 0.37. The 
lower PDSI values were associated with a 54 percent drop in May pond numbers and a 58 
percent reduction in the breeding-duck population. The UKHC model revealed that, by the 2020s 
and 2050s, May PDSI averages would drop to -1.41 and -2.59, respectively. May pond numbers 
would concurrently decrease by 23 and 38 percent for the 2020s and 2050s, respectively. This 
decrease in May ponds would cause duck populations to decrease 26 percent by the 2020s and 46 
percent by the 2050s.  
Table 2. May Palmer Drought Severity Index, May ponds, and May duck populations for 
historical conditions based on Geophysical Fluid Dynamics Laboratory Q-flux and United 
Kingdom Hadley Center general circulation models.  
Scenario May PDSI 
May pond numbers 
(millions) 
May breeding duck population 
(millions) 
Historical (1955 to 1996) 0.37 1.3 5.0 
GFDL model (2 x CO2) -3.40 0.6 2.1 
UKHC model 2020s -1.41 1.0 3.7 
UKHC model 2050s -2.59 0.8 2.7 
[PDSI, Palmer Drought Severity Index; GFDL, Geophysical Fluid Dynamics Laboratory; 
UKHC, United Kingdom Hadley Center; CO2, carbon dioxide] 
 
A similar approach was used to detect the effect of PDSI on wetland surface area in the 
PPR (Ouyang and others, 2014). The PDSI was correlated with wetland surface area obtained 
from 1986–2011 Landsat imagery, and a linear model able to predict wetland surface area under 
future climate scenarios was created (Ouyang and others, 2014). Using this model, wetland 
surface area fluctuated with changes in PDSI and was consistently lower for simulations based 
on Intergovernmental Panel on Climate Change (IPCC) fourth assessment report 22-model 
ensemble climate. The average wetland surface area for the climate-change scenario was 41.9 
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percent of the historical average. The PDSI values from previous years were also correlated with 
current-year wetland-surface-area values, with values from 1 year earlier having the greatest 
correlation (Ouyang and others, 2014). In conjunction with the results of Sorenson and others 
(1998), the PDSI was a good proxy measure for wetland surface area with changes in PDSI 
values because of climate change resulting in substantial effects on wetland dynamics (Ouyang 
and others, 2014). 
Niemuth and others (2010) indicated that spatial and temporal variations in wetland 
dynamics are highly variable and complicate efforts to simulate changes in wetland dynamics 
caused by climate change. In an effort to detect spatial and temporal trends in prairie pothole 
wetlands caused by climate, wetland class, and geographic position; spatial and temporal patterns 
of roughly 40,000 wetlands within the PPR of North Dakota, South Dakota, and Montana were 
simulated (Niemuth and others, 2010). Each wetland within 263–380 sample blocks was 
assessed with aerial photography taken in May of each year between 1988 and 2007. The period 
sampled included drought and deluge (Niemuth and others, 2010). Percent wet area and percent 
wet basins fluctuated with the changes in climate. All sample wetland photography was digitized 
and wetlands were assigned a class category of temporary, seasonal, semipermanent, or lake. 
Then, a baseline was created using data from the National Wetlands Inventory (Wilen and Bates, 
1995), and the baseline was used to compare the new data to estimate changes in percent wet 
area and percent wet basins. The baseline data were generated using historic wetland conditions 
during periods when wetland basins were full but not overflowing.  Each wetland class was 
analyzed separately to determine if interannual wetland dynamics differed by wetland class.  
Variability in percent wet area and percent wet basins was related to the permanence of 
the wetland, with temporary wetlands being the most variable and lakes being the least. 
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Temporary wetlands consistently had the lowest percent wet area and percent wet basins, 
whereas lakes had the highest values for both. Correlations between current wetland condit ions 
and previous conditions were highest for the lake regime and lowest for the temporary regime 
(Niemuth and others, 2010). Effects of previous percent wet area values on current values were 
also analyzed (Niemuth and others, 2010). Conditions from 1 year earlier had the highest 
correlation to present conditions and steadily declined each year thereafter. Also, the percent wet 
area varied spatially for each regime and did not form a discrete east-west gradient of wetness.  
Niemuth and others, (2010) noted several analysis limitations. Intra-seasonal effects 
could not be detected because wetlands were only sampled in May of each year. Current 
conditions and changes in land use surrounding the wetlands were not taken into consideration.  
Also, the results from the study were dependent on the baseline data used. Models developed 
within a limited spatial context and that precluded the use of the range of wetland classes may 
not reveal the complex variance among wetlands in the PPR. Therefore, further monitoring 
strategies and analyses of future wetland dynamics need to include greater spatial distribution 
and consider each wetland class separately (Niemuth and others, 2010). Also, factors such as 
intensified land use and wetland drainage may overshadow direct effects of climate change and 
need to be considered when making conservation decisions (Niemuth and others, 2014).  
Climate change will differ spatially and temporally. Thus, model comparisons are needed 
that are not only conducted at large spatial scales but also consider seasonal changes. In such an 
analysis, Ballard and others (2014) explored climate model projections from phase 5 of the 
Coupled Model Intercomparison Project (CMIP5) of the IPCC Fifth Assessment in relation to 
PPR wetland hydrology. Model simulations revealed increases in precipitation across the PPR in 
all seasons except summer. However, the water-input gains were largely negated by increased 
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evapotranspiration that accompanied increases in temperatures and evaporative demand. 
Seasonal surface drying in the summer corresponds to the combined effects of warming and 
precipitation changes (Ballard and others, 2014). However, uncertainties resulting from 
imperfect knowledge of future climates again necessitate caution when considering model results 
(Zhang and others, 2011). 
1.2.2. Monitoring Wetland Response to Climate Change 
Data compiled from wetland monitoring programs within the PPR are crucial to 
answering questions regarding the effects of climate change on wetland dynamics in the region. 
In a review of the monitoring strategies, current monitoring networks were determined to be 
insufficient to examine effects of climate and land use over a broad spatial scale (Conly and van 
der Kamp, 2001). For monitoring networks to be effective, two strategies, intensive and 
extensive, need to be implemented together (Conly and van der Kamp, 2001). The first strategy 
requires intensive monitoring of an array of hydrologic data at a relatively small number of sites. 
There are six such wetland-monitoring sites in Saskatchewan, one in North Dakota, and one in 
South Dakota. Conly and van der Kamp (2001) indicated that additions be made to the network 
to include areas that are highly sensitive to climate change. In addition to adding more sites, 
monitoring at these sites should include perspectives from several disciplines in a way that will 
increase our understanding of the complex interactions among wetlands within the PPR (Covich 
and others, 1997). Data such as streamflow, groundwater, and water quality should be included 
in intensive monitoring efforts to shed light on hydrologic and ecological interactions (Conly and 
van der Kamp, 2001).  
Extensive monitoring consists of focusing on fewer hydrologic parameters and reducing 
sampling frequency but covering more wetlands over a broader geographic area. Climatic 
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conditions account for a large percentage of the variation in water levels and hydroperiods of 
prairie-pothole wetlands. However, land use surrounding wetland basins can have large impacts 
as well. Therefore, land-use data should be included in monitoring programs (Conly and van der 
Kamp, 2001; Covich and others, 1997). Multiple monitoring sites of similar catchment 
characteristics but with different surrounding land uses would meet this need (Covich and others, 
1997). The data collected at such sites would be crucial to detect spatial differences in natural 
variation and variation caused by climate change and land use.   
1.3. Upland-Management Effects on Prairie-Pothole-Wetland Hydrology 
A wetland’s water budget is a balance among precipitation, runoff, infiltration, and 
evapotranspiration (Shjeflo, 1968). Changes in climate can cause considerable effects on the 
amount of precipitation prairie pothole wetlands receive and the rate at which that water is lost 
through evapotranspiration. The water budget of a wetland is also altered through different 
upland management practices that affect runoff, infiltration, and evapotranspiration. Interception 
of snowfall and rainfall can also be altered through manipulations of vegetative cover. Wetlands 
in the PPR are located within a matrix of different land uses (Kantrud and others, 1989); 
therefore, an understanding of land-use impacts will be essential for making future management 
decisions under a changing climate. Farming practices can have profound effects on wetland 
conditions (Turner and others, 1987) but are beyond the scope of this study. Instead, the focus is 
limited to the effects of management practices used on grasslands within the PPR. 
1.3.1. Grassland Grazing 
Grazing by livestock can cause changes in the hydrology of a watershed through the 
removal of plant cover and the physical action of animal hooves on vegetation and soils; 
however, these effects will differ across regions (Blackburn, 1983). Uncontrolled grazing can 
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have a negative effect on a watershed but can be managed with control of the timing, frequency, 
and intensity of grazing (Holecheck, 1981). The literature on the impacts of grazing on 
hydrology is scattered with little information on its effects on prairie-pothole wetlands. 
Therefore, our review also includes areas in proximity to the PPR with a focus on grazing 
impacts to evapotranspiration, infiltration, and runoff.  
For prairie regions, evapotranspiration provides the largest deficit to the water budget 
(Frank and Inouye, 1994). An assessment of impacts of grazing on evapotranspiration rates for a 
grazed and ungrazed tallgrass prairie site indicated that evapotranspiration was reduced for the 
grazed site by an average of 28 percent and as much as 40 percent near the end and just after the 
grazing season (Bremer and others, 2001). This difference was believed to be caused by changes 
in the vegetative canopy; leaf area index was 78 percent lower for the grazed site. However, after 
cattle were removed, evapotranspiration rates quickly increased and for a time were higher than 
the ungrazed site. The temporarily high evapotranspiration rates were the result of new leaf 
growth and delayed senescence. However, cumulative evapotranspiration was reduced by 6.1 
percent on the grazed site. In addition to an overall reduction in evapotranspiration, grazing 
helped to conserve soil water in the upper 0.3 meter (m) of the soil profile. 
A review of the literature on the effects of grazing on infiltration rates was completed by 
Gifford and Hawkins (1978) in an effort to detect an overall pattern across several regions. 
However, most of the studies were located in the western United States and the Great Plains. 
When infiltration rates of grazed pastures were plotted and compared to rates of ungrazed 
pastures, grazing impacts on infiltration rates were revealed. Although there was no significant 
difference between light and moderate grazing intensities, heavy grazing significantly reduced 
infiltration. Lower infiltration rates indicate that more water will be available as runoff to 
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wetlands. However, conclusions were limited because of the lack of information on time-related 
effects of grazing, the use of data that were generally collected for other purposes and then 
reconfigured by range hydrologists, and the limitations of the instruments used.   
Effects of grazing on vegetation and runoff were studied during 1962–67 within three 
range pastures. The pastures had been grazed since 1942 with the following grazing intensities: 
heavy, moderate, and light. In 1962, study sites consisting of four 2-acre plots within each of the 
three pastures were selected and H-flumes and FW-1 water-level recorders were installed on the 
downslope of each plot to record runoff. Rain gages were also installed on each watershed to 
record variations in precipitation. During 1963–67, hydrologic data were collected from May 14 
through October 31, and vegetative data were collected in late July. Differences in runoff and 
vegetation were detected among the three grazing treatments (Hanson and others, 1970). Runoff 
was greatest for the heavy grazing treatment and lowest for the light grazing treatment with no 
detectable patterns in precipitation across the treatment sites (table 3).  
Runoff regimes of the three watersheds were also altered by grazing. During the study 
period, there were 22, 18, and 13 runoff events for the heavy, moderate, and light treatments, 
respectively. Smaller rainfall events produced runoff in the heavily grazed plots, whereas heavier 
rainfall events were needed to produce runoff in the lightly grazed plots.  The total weight of 
vegetation remaining after grazing for the three treatments was 1752, 2092, and 3700 pounds per 
acre for the heavy, moderate, and light treatments, respectively. Also, the species composition 
was different for each of the treatment watersheds. The heavily grazed watershed consisted of 
sedges and short grasses, the moderately grazed watershed mostly consisted of short grasses with 
some midgrasses, and the lightly grazed watershed primarily consisted of western wheatgrass. 
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This study only focused on the effects of cattle grazing during the growing season and not runoff 
from winter precipitation.  
The effect of range condition on winter runoff and soil water storage was also studied 
(Hanson and Lewis, 1978). Desired range conditions were created using differing grazing 
intensities. During 1942–63, three pastures of good range condition were grazed for 7 months 
each year under heavy, moderate, and light grazing intensities to produce range conditions of 
poor+, good-, and good+. Conditions improved to fair-, good, and excellent- during the duration 
of the study. Hereafter the pastures will be referred to as being of low, medium, and high range 
conditions. Within each of the three pastures, four plots were diked off. Runoff was measured 
using H-flumes and FW-1 water-level recorders, soil water was measured with a neutron probe 
at 30.5 cm intervals at 122 cm depth, and precipitation was recorded at each site with four rain 
gages.  
Table 3. Precipitation and runoff for differentially grazed watersheds. 
Year 
Heavy grazing  Moderate grazing  Light grazing 
Precipitation 
(inches) 
Runoff 
(inches) 
 
Precipitation 
(inches) 
Runoff 
(inches) 
 
Precipitation 
(inches) 
Runoff 
(inches
) 
1963 12.14 1.79  12.02 1.57  12.61 1.39 
1964 8.59 0.66  8.58 0.28  7.74 0.05 
1965 10.81 0.13  11.05 0.14  10.91 0.12 
1966 9.40 0.16  9.18 0.02  9.45 0.00 
1967 11.00 1.21  11.16 0.79  10.90 0.54 
Mean 10.39 0.79  10.40 0.56  10.32 0.42 
[From Hanson and others (1970)] 
 
Average winter runoff values were not significantly different among the three range 
condition treatments (Hanson and Lewis, 1978). In general, the low condition range had higher 
fall soil moisture, whereas the high-condition range had lower fall soil moisture. The soil 
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moisture differences can be explained by increased transpiration of the high-condition range 
because of the presence of more vegetation. Differences in spring soil moisture were less 
distinct, but the low-condition range typically had lower soil moisture than the medium- and 
high-condition ranges. Winter soil moisture was directly proportional to range condition, with 
the low-condition range having less soil water than the high-condition range. Even though winter 
runoff values were similar for each range, the amount of winter precipitation stored in the soil 
was greatest for the high-condition range and lowest for the low-condition range. The low-
condition range not retaining snow as well as the high-condition range can explain differences in 
precipitation storage. The low-condition range had less standing vegetation and mulch because 
of excessive grazing; therefore, wind transported snow off the low-condition range. Conversely, 
the high-condition range had more standing vegetation and mulch. The vegetation and mulch 
held the falling snow and also trapped the snow transported by the wind. These results indicate 
that snow is an important source of soil moisture for the Great Plains.  
During 1988–91, treatments of short duration and continuous grazing systems were 
applied on plots to assess the impacts of grazing on runoff and sediment yield (Naeth and 
Chanasyk, 1996). Grazing intensities of heavy and very heavy were compared against an 
ungrazed control. Snowmelt accounted for most of the annual runoff, and snowmelt runoff 
decreased with increased grazing intensity because of less snow entrapment on the grazed 
pastures. Sediment levels were low for snowmelt runoff and no trend among grazing intensities 
was detected. Rainfall runoff and sedimentation yield increased with increased grazing intensity.  
The results presented in Naeth and Chanasyk (1996) were compiled using small treatment 
plots; therefore, Chanasyk and others (2003) validated the study by using watershed-scale 
treatment plots for 1998– 2000. The Soil Water Assessment Tool (SWAT) was calibrated for the 
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region in order to predict surface runoff (Chanasyk and others, 2003). Three similar watersheds 
were chosen and one of three treatments (ungrazed, heavily grazed, and very-heavily grazed) 
was applied to each watershed. Each watershed had only one outlet where runoff could be 
measured. Climate and vegetative data were also collected at each study site. Surface runoff for 
all of the treatment sites was very low. Runoff events were sporadic and generally only lasted a 
few hours. The heavily and very-heavily grazed watersheds consistently had higher runoff 
volumes than the ungrazed watershed; however, differences between heavily and very-heavily 
grazed watersheds were not as clear. In fact, the heavily grazed watershed averaged more runoff 
during the study period than the very-heavily grazed watershed. Vegetative cover decreased with 
increased grazing intensity; therefore, the grazing intensity did not help explain the observed 
differences. The difference in slope between the heavily grazed watersheds (average slope of 21 
percent) and the very heavily grazed watersheds (average slope of 18 percent) was the only 
factor that might explain the unexpected results. Similar patterns were seen for snowmelt runoff. 
Snowmelt runoff only lasted for 2 days on the ungrazed watershed; however, snowmelt runoff 
lasted for 12 days on the treatment watersheds. The difference in snowmelt runoff days was 
unanticipated because expectations would be that the ungrazed watershed would have more snow 
because of more vegetative cover. However, the infiltration rate for this watershed would also be 
expected to be much greater and may help to explain results. Attempts at simulating runoff 
values for the watersheds were unsuccessful using the SWAT model. Values were consistently 
under predicted and may have been a result of the low levels of runoff during the study period 
and (or) the statistical criteria used (Chanasyk and others, 2003).  
In another use of the WETSIM 3.2 model, water runoff, infiltration, and upland 
evapotranspiration rates were simulated under different land-use scenarios. The land-use 
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scenarios were unmanaged native grass, unmanaged smooth brome grass, moderately heavy 
grazed native grass, spring-burned grass, row crop, small grain, and alfalfa hay (Voldseth and 
others, 2007). The model was calibrated using data from 1993 to 2001 and was tested against 3 
years of data collected after 2001. After calibration and testing, a 41-year simulation was run for 
the seven land-use scenarios using climate data from 1961 to 2001 (Voldseth and others, 2007). 
Land use was predicted to have an effect on water levels of wetland SP4 (Voldseth and others, 
2007). Water levels were highest under the grazed simulation with a mean water level of 0.85 m, 
and the unmanaged-grassland simulation had a mean water level of 0.67 m. The grazed-
grassland simulation predicted that wetland SP4 would be dry 22 percent of the simulation 
period, whereas the unmanaged native grassland would be dry 46.3 percent of the period. By 
using WETSIM 3.2, Voldseth and others (2007) concluded that grazing could have a significant 
effect on prairie-pothole-wetland water levels because of changes in runoff, infiltration, and 
upland evapotranspiration caused by grazing cattle.  
The potential of using management and farming practices as climate change mitigation 
strategies for prairie-pothole wetlands was also tested using the WETSIM 3.2 model (Voldseth 
and others, 2009). Wetland dynamics in unmanaged native grassland, unmanaged non-native 
grassland, grazed grassland, row crop, and small-grain crop under historical climate conditions 
and several climate-change conditions were modeled. The climate-change simulations include +2 
°C, +4 °C, +2 °C and +10 percent precipitation, +2 °C and -10 percent precipitation, +4 °C and 
+10 percent precipitation, and +4 °C and -10 percent precipitation. Model runs revealed that 
changes in land use did have effects on wetland hydrology that, under certain scenarios, could 
ameliorate effects of climate change (table 4). Under all climate scenarios, wetlands with 
unmanaged native and non-native grass catchments had lower than historical water levels. The 
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grazed-grass treatment had the largest potential for mitigating climate-change effects on prairie-
pothole wetlands (Voldseth and others, 2009). However, the simulation was based on small 
amounts of empirical data and further studies are needed to confirm the results. 
Table 4. Mean wetland water levels (m) for each land-use type under several climate-change 
scenarios. 
Land use 
Mean water level (meters) 
Historical +2 °C +4 °C 
+2 °C and  
+ 10 % precip. 
+2 °C and 
 -10 % precip. 
+4 °C and 
 +10 % precip. 
+4 °C and  
-10 % precip. 
Native grass 0.67 0.54 0.43 0.62 0.46 0.49 0.37 
Brome grass 0.66 0.53 0.41 0.61 0.45 0.48 0.36 
Grazed grass 0.85 0.73 0.58 0.83 0.62 0.69 0.49 
Row crop 0.80 0.66 0.52 0.76 0.56 0.62 0.44 
Small grain 0.77 0.64 0.51 0.74 0.54 0.59 0.43 
[From Voldseth and others (2009); °C, degrees Celsius; bolded values are equal to or greater 
than the historical value] 
1.3.2. Grassland Burning 
Several studies have looked at the effects of fire on runoff and water yield outputs (for 
example Robichaud and Waldrop, 1994; Helvey, 1980; DeBano, 2000; Benavides-Solorio and 
MacDonald, 2001). However, most research has focused on forested watersheds. In forested 
watersheds, fire generally increases water yield by altering patterns of evapotranspiration, 
infiltration, and runoff. Burning within a watershed reduces the amount of vegetative and mulch 
cover; thus, the amount of precipitation intercepted by the soil surface will increase. This water 
can then go back to the atmosphere through evapotranspiration, infiltrate into the soil, or runoff 
into a stream or wetland (DeBano and others, 1998). Evapotranspiration decreases immediately 
after a fire, likely because of temporary elimination of transpiring vegetation (Neary, 1995). 
Small decreases in evapotranspiration even can create relatively large increases in runoff 
(Ffolliott and Thorud, 1977). Infiltration rates after a fire often decrease as well because of the 
removal of organic material causing soil structure to collapse, raindrop impacts causing soil 
surfaces to compact, and (or) residue from ash causing soil pores to clog. Therefore, runoff will 
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increase because of the decreases in infiltration and evapotranspiration (DeBano and others, 
1998). Literature pertaining to the hydrologic effects of fire within the PPR is scarce. However, 
some generalizations can be made using data from other grassland watersheds. 
The effects of prescribed burning on the surface hydrology of a tallgrass prairie were 
assessed by Koelliker and Duell (1990). The researchers established four plots; two plots were 
burned in May of 1989 and the other two plots were left unburned. Rainfall simulations were 
conducted throughout the following growing season on all of the plots. Initial infiltration rates 
were 19 millimeters per hour (mm/hr) lower for the burned plots; however, over longer 
timespans, differences decreased. Infiltration rates on one of the burned plots rebounded to the 
rate of the unburned plot after 40 days; infiltration on the other burned plot remained 
significantly lower. Runoff from the burned plots was initially 70 percent greater than the 
unburned plots. However, after 40 days runoff volumes were about equal between treatments. 
Runoff velocities were 10 percent greater for the burned plots but did not significantly increase 
erosion for slopes between 5 and 10 percent. Prescribed burning caused an increase in runoff 
volume (Koelliker and Duell, 1990) even though evapotranspiration rates increased after a burn 
for the same area (Bremer and Ham, 1999).  
The hydrologic effects of prescribed burning were assessed for oak, juniper, bunchgrass, 
and shortgrass dominated watersheds (Hester and others, 1997). Results from bunchgrass and 
shortgrass sites will be discussed. Each site was burned in July 1991. Following the burn, a drip-
type rain simulator was used to determine infiltration rates and sediment yields from each of the 
burned and unburned sites. Rainfall events were simulated for 50 minutes at a rate of 203 
mm/hour and runoff was collected and measured every 5 minutes. Vegetative and litter cover 
were also determined for each site, and soil was sampled and tested for texture, organic carbon 
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content, and aggregate stability. Vegetation type had a strong impact on range hydrology (Hester 
and others, 1997). The shortgrass site had the lowest infiltration rate followed by the bunchgrass 
site. For both grassland sites, infiltration rates decreased over time for burned and unburned 
treatments. Burning affected the hydrology on all the vegetation types (fig. 7). On average, 
infiltration declined by about 25 and 28 percent for bunchgrass and shortgrass, respectively. 
Sediment yields for both grassland sites increases significantly; however, changes in soil 
structure were insignificant. The amount of sediment yield was strongly correlated with total 
organic cover, which had been completely removed in both grassland sites after burning. 
However, burning on slopes less than 20 percent for this region would not likely create serious 
erosion or water-quality problems and could be left to recover naturally (Wright and others, 
1976).  
 
Figure 7. Infiltration rates from 50-minute simulated rainfall event for burned and unburned 
sites. 
As described previously, Voldseth and others (2007) used the WETSIM model to predict 
changes in wetland water levels caused by several land uses and management strategies. A 
31 
 
spring-burn simulation yielded similar results as grazing simulations. A spring-burn simulation 
produced about a 20-percent increase in average annual water level, compared to the unmanaged 
native-grass simulation. However, empirical data and further research on the effects of 
prescribed burning on the hydrology of PPR grasslands and wetlands are needed to validate these 
findings (Voldseth and others, 2009). 
1.3.3. Snow Management 
Snowmelt is the most crucial water input to prairie-pothole-wetland water budgets, even 
though it only makes up roughly one-third of the annual water supply for much of the PPR 
(Shjeflo, 1968; Gray and Landine, 1988; Kantrud and others, 1989; LaBaugh and others, 1998). 
Snowmelt may account for as much as 80–85 percent of the total surface runoff for prairie 
habitats because of soils being frozen at the time of snowmelt (Gray and others, 1970). This 
snowmelt runoff provides an initial surplus of water that is available for waterfowl early in the 
season. The input from snowmelt alone can generally last until early July. However, additional 
rainfall is needed to sustain wetland water levels for the season (Shjeflo, 1968). For many 
northern and high altitude regions, water from snowmelt is essential for streamflow, soil 
moisture, groundwater recharge, and human use (Pomeroy and Gray, 1995). Because of the 
importance of snowmelt to prairie-pothole water levels, many techniques have been used to 
manage snow in ways that provide increased water output from snowmelt.  
After snow has been intercepted by the landscape it is readily moved by wind, causing its 
distribution and structure to change. Snow is transported until it forms drifts because of 
vegetation, topography, or manmade barriers. As snow forms drifts, the snow not only becomes 
deeper, but also denser as the snow is packed together and individual flakes lose their crystalline 
structure. This process is known as snow metamorphism and is caused not only by the physical 
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action of snow packing but also by temperature and water vapor gradients (Pomeroy and Gray, 
1995). Drifted snow has been as much as six times denser after a period of less than 24 hours for 
a site on the Canadian Prairies (Gray and others, 1970). As a snowdrift becomes larger and 
denser, snow water equivalent increases (Pomeroy and Gray, 1995). Snow water equivalent is 
the measure of how much water is stored within a given volume of snow and can be calculated 
from snowpack depth and density.  Snow water equivalent can also be affected by ambient 
temperature, heat exchange within the snow pack from condensation, radiation and conduction, 
and percolation of water through the pack (Gray and others, 1970).  
Snow accumulation can be managed with the use of manmade or vegetative barriers. 
Manmade snow fences primarily consist of three types; horizontal-wood-slat, vertical-wood-slat, 
and synthetic fences. The horizontal-slat fence is typically used for permanent fences to control 
snow drifting across highways (Tabler, 1991), whereas the vertical-slat and synthetic fences 
work better for temporary snow fence designs. Synthetic fencing most commonly consists of 
perforated plastic sheeting or extruded plastic netting (Tabler, 1994). Temporary fences may be 
preferred to trap snow in wetland basins as they can be easily dismantled during snow-free 
periods.  
Vegetative barriers can range in size from short-stature grass strips to tall tree rows. For 
the purpose of increasing the water supply to wetlands, larger vegetative barriers such as tree 
rows may be unfavorable because they require a significant amount of time to get established, 
are more permanent than other snow barriers (Shaw, 1988), may consume water that would 
otherwise be available to the wetland (Siddoway, 1970; Greb and Black, 1961a), and may not be 
good ecological fits in natural grassland habitats (Kelsey and others, 2006). Grass strips provide 
a better option as a vegetative barrier for the purpose of trapping snow in wetland basins. Strips 
33 
 
of sorghum (Sorghum bicolor; Greb and Black, 1961b), sudangrass (Sorghum x drummondii; 
Greb and others, 1965), tall wheatgrass (Thinopyron ponticum; Black and Siddoway, 1971), corn 
(Zea mays; Tabler, 1994), and other species have been used as vegetative barriers to trap snow.  
The method for creating a grass strip is similar for each species; a row or multiple rows of grass 
are planted perpendicular to the prevailing wind. This type of vegetative barrier can also be 
obtained by leaving strips in mowed or cultivated vegetative cover (Pomeroy and Gray, 1995). 
Reducing vegetation height and increasing surface roughness is effective for increasing snow 
movement and water yield on sagebrush rangelands. Snow accumulation was increased by 
mowing sagebrush on the windward side of a ridge (Sturges and Tabler, 1981). This allowed for 
more snow to be transported across the ridge and to become trapped on the leeward side. Sturges 
and Tabler (1981) estimated that this method could provide an average of 63 percent of the water 
needed to fill a 12,200-cubic-meter stock pond; however, most of the water was lost to seepage 
and did not reach the intended stock pond. Strips of crested wheatgrass among sagebrush 
rangeland doubled on-site snow retention and improved site productivity by increasing surface 
roughness and trapping more snow (Sturges and Tabler, 1981).  
 When considering the design of a snow fence or vegetation barrier, height, porosity, and 
placement need to be considered. Whether using vegetation or artificial barriers, the principles 
are the same. To capture the largest drift possible, barriers should be placed perpendicular to the 
prevailing wind, and have a porosity of 40 to 60 percent. Artificial barriers should have a gap of 
10 to 15 percent of the fence’s height at the bottom in order to keep the fence from becoming 
buried (Pomeroy and Gray, 1995).  Snow barriers should also extend beyond the area of interest 
by at least 25 degrees on both sides to account for drift loss because of end effects (Tabler and 
Schmidt, 1986). 
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The largest snowdrift that a barrier can sustain is referred to as the equilibrium drift. The 
length of a leeward equilibrium drift will be at maximum 35 times the barrier height with a 
maximum depth 1.2 times the barrier height (fig. 8). A snow barrier may also create a drift on the 
windward side of the fence. The windward equilibrium drift will have a length about 15 times 
the barrier height with a maximum depth 0.5 times the barrier height (Pomeroy and Gray, 1995). 
The dimensions reported are for horizontal-slat fence designs with 50 percent porosity on level 
terrain; other snow barrier designs may have slightly different equilibrium drift dimensions. 
Also, topographic depressions already act as snow catchments; thus, adding a snow barrier will 
only enhance the amount of snow caught (Jairell and Schmidt, 1990; Tabler, 1975). 
 
Figure 8. Equilibrium drift geometry for a horizontal-slat fence with 50 percent porosity placed 
on level terrain. 
Research on snow barriers has primarily focused on increasing streamflow (Sturges, 
1992; Tabler and Sturges, 1986; Harrison, 1986; Cooley and others, 1981), increasing soil 
moisture (Ries and Power, 1981; Black and Siddoway, 1971; Greb and Black, 1961b), and 
protecting highways from snowstorms and snow drifting (Tabler, 1973). Currently, there has 
been no research on the effects of snow fences on wetland water levels in the northern prairie 
region. However, some conclusions may be made from studies researching the effects of snow 
fences on livestock pond and irrigation reservoir water levels. When placed on the windward 
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side of a channel that flowed into an irrigation reservoir, snow fencing increased water yield by 
an average of 54 cubic meters per year (Sturges and Tabler, 1981). Constructing snow fences on 
the windward side of livestock ponds greatly increased the volume of snow captured over the 
pond (Sturges, 1989). However, much of the water was unavailable to cattle during the grazing 
season because of large amounts of seepage. Thus, it is important to consider soil drainage class 
when trying to increase water input into livestock ponds and natural wetlands. Soil permeability 
rates should fall below the low end of the poor drainage class when trying to increase water 
levels for an extended period of time (Sturges, 1989). Snow fences were most effective when 
placed leeward of the pond with an embankment on the windward side of the pond (Jairell and 
Tabler, 1985). This configuration could produce 5.8 times more snow volume near the pond, 
whereas a configuration with both the snow fence and embankment located on the leeward side 
of the pond increased volume of snow by 5.6 times (fig. 9). 
 
Figure 9. Cross section of 1:30 model livestock pond. 
Prairie-pothole wetlands naturally catch snow because of their topography and vegetation 
(Fang and Pomeroy, 2009; Tabler, 1975). Topography and vegetation alter surface roughness 
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and redirect wind; thus, topography and vegetation affect snow distribution. For example, a 
leeward slope will accumulate much larger volumes of snow than the windward slope if 
vegetation is absent (Pomeroy and Gray, 1995; Steppuhn, 1981). Additionally, increases in 
surface roughness caused by vegetation manipulation increased the amount of snow captured on 
the landscape (Pomeroy and Gray, 1995; Steppuhn, 1981). Thus, tall wetland vegetation can act 
as a natural snow barrier. This effect could be enhanced by reducing surrounding upland-
vegetation height by grazing or burning. By reducing upland-vegetation height, more snow will 
be free to be transported into wetland basins. Therefore, grazing and burning should not only 
affect a catchments hydrology in terms of runoff events, but also how the catchment will capture 
snow. In fact, for farmers in the northern plains to burn off wetland vegetation in the fall so the 
vegetation will not catch blowing snow is common practice. This reduces the amount of flooding 
in a farmer’s field and may even allow for the wetland basin to be cultivated if conditions are dry 
enough. 
Wetland water levels are affected by vegetation in the surrounding catchment. Water 
levels for 10 cultivated wetlands were monitored from 1968 to 1997 (van der Kamp and others, 
1999). During 1980–83, five of the wetland catchments had been converted to smooth 
bromegrass and alfalfa cover, and the other five remained in cultivation. During1968–80, water-
level fluctuations were similar for all ten wetlands. However, during 1980–97 the water levels of 
the five wetlands that had their catchments converted began to drop and became dry after a few 
years, and the wetlands that remained in cultivation remained wet. The converted wetlands 
remained dry except when overland flow from other wetlands took place during periods of 
increased precipitation. 
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Possible mechanisms behind the drying of the wetlands with converted catchments were 
evaluated (van der Kamp and others, 2003). Snowmelt runoff was greatly reduced for the 
wetlands with catchments of smooth bromegrass and alfalfa. Under complete grass cover, snow 
was trapped in the uplands because of the standing grass, whereas snow in the cultivated fields 
was blown off the uplands and caught by the standing vegetation in the wetland basin. Also, 
snowmelt was more likely to infiltrate into the soil and be lost to evapotranspiration because of 
the grassed soil having a more developed macropore structure. Infiltrability of the frozen 
cultivated soil fell below the rate at which the snow melted, whereas the infiltrability of the 
frozen grassed soil was typically higher than the rate at which the snow melted. The data show 
that changes in land cover can greatly affect how a landscape captures snow and have significant 
impacts on the hydrology of wetlands within the landscape.   
1.4. Conclusions 
In addition to supporting a variety of wildlife, Prairie Pothole Region (PPR) wetlands 
provide other benefits to society that include water-quality improvement, flood control, 
groundwater recharge, carbon sequestration, recreation, and aesthetics. Despite the multiple 
benefits of having properly functioning wetlands on the landscape, many wetlands in the PPR 
have been filled, drained, or destroyed to facilitate crop production. Remaining wetlands are 
being affected from the cumulative effects of hydrologic and land-use alterations within 
watersheds. How the region’s remaining wetlands will respond to changing climate conditions 
resulting from increased levels of carbon dioxide in the atmosphere is of great concern.  
Water conditions in PPR wetlands are sensitive to changes in climate because of the 
dependence of wetland water levels and hydroperiods on atmospheric interactions. Temperatures 
in the PPR are likely to increase between 3.7 and 6.1 degrees Celsius (° C) by the end of the 
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century. Increased temperatures will result in increased water losses from wetlands that 
correspond to increases in evapotranspiration and evaporative demand. Precipitation is harder to 
model because of its great regional variability. Nevertheless, future precipitation in the PPR is 
expected to increase by 10 percent and has already increased by an estimated 9 percent during 
the previous century. In addition to changes in average temperatures and precipitation, the 
frequency and severity of drought and deluge conditions, which are primary drivers of PPR 
wetland productivity, are expected to intensify under a climate affected by increased levels of 
atmospheric greenhouse gases. 
Models of PPR wetlands under scenarios of climate change indicate that the wetlands 
will likely spend more time in a condition of low productivity when the wetlands are dry and (or) 
choked by stands of emergent cover. Temperature increases alone have potential to shift 
favorable water and vegetative cover conditions to the northern and eastern edges of the PPR. 
Increased precipitation in conjunction with temperature increases can have a counterbalancing 
effect, but only substantial increases in precipitation can ameliorate the effects of elevated 
temperatures. Model simulations indicate that a 5 to 7 percent precipitation increase would be 
needed to counteract each 1 °C temperature increase. However, interpretation of studies 
exploring the effects of climate change on PPR wetlands water dynamics are complicated by 
great spatial and temporal variation in wetland dynamics across the region. Even so, 
development of mitigation strategies that would deal with potential negative effects resulting 
from a changing climate would seem highly prudent. 
Studies of grassland-management effects on water runoff, infiltration, and snow 
accumulation indicated that the effects of climate change might be mitigated through the targeted 
use of land-use practices. Grazing by livestock can cause changes in the hydrology of a 
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watershed through the removal of plant cover and the physical action of animal hooves on 
vegetation and soils. By altering runoff, infiltration, and upland evapotranspiration rates, grazing 
can have a significant effect on prairie-pothole wetland water levels and hydroperiods. 
Prescribed burning can also cause an increase in runoff volume by decreasing infiltration, and 
prescribed burning on slopes less than 20 percent, may not significantly increase erosion. Model 
runs indicate that spring burns can increase average annual water levels by about 20 percent 
compared to the unmanaged native grasslands (Voldseth and others, 2007).  
Snowmelt is the most crucial water supply for prairie-pothole wetlands, accounting for as 
much as 80–85 percent of the total surface runoff for prairie habitats (LaBaugh and others, 
1998). Snow is transported across the landscape by wind action until it forms drifts because of 
vegetation, topography, or manmade barriers. Snow accumulation can be managed with the use 
of manmade or vegetative barriers. Prairie-pothole wetlands naturally catch snow because of the 
wetland topography and vegetation. Topography and vegetation alter surface roughness and 
redirect wind, and thus affect snow distribution. Increases in surface roughness caused by 
vegetation manipulation can increase the amount of snow captured on the landscape. Thus, tall 
wetland vegetation can act as a natural snow barrier. Reducing surrounding upland vegetation 
using grazing or burning could enhance this snow-capturing effect. By reducing the upland 
vegetation, more snow will be free to be transported into wetland basins. Therefore, grazing and 
burning should not only affect a catchments hydrology in terms of runoff events but also how the 
catchment will capture snow.  
Future effects of a changing climate on prairie-pothole-wetland water levels and 
hydroperiods can be difficult to quantify because of naturally high variability of the region’s 
climate and ecosystems. However, upland management appears to indicate significant 
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opportunities to mitigate potential effects. Grassland management can greatly affect how water 
infiltrates into soils, runs off following precipitation events, evaporates into the atmosphere, and 
distributes across the landscape during the winter. Thus, well planned and implemented grazing, 
burning, and snow-management programs that focused on increasing water inputs to wetlands 
have great potential to mitigate some of the effects of a warming climate. The ability to target 
management actions to increase water inputs into wetlands will be especially important in areas 
where increases in precipitation are not enough to counteract the effects of increased 
evapotranspiration and thereby maintain water conditions in wetlands at desired levels. To 
further the ability to take advantage of mitigation opportunities, additional research is needed 
that focuses on refining upland management for the betterment of upland plant and animal 
communities and also the embedded wetland ecosystems. Additionally, more research is needed 
that focuses on verifying the model results and research conclusions discussed in this report. 
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CHAPTER 2. UPLAND-MANAGEMENT EFFECTS ON MIXED-GRASS-PRAIRIE 
VEGETATIVE STRUCTURE AND SNOW DISTRIBUTION 
2.1. Introduction 
 Wetlands of the Prairie Pothole Region (PPR) have been shown to be sensitive to changes 
in climatic conditions (Winter and Rosenberry, 1998) due to their dependence on atmospheric 
conditions (Shjeflo, 1968). Prairie-pothole wetlands primarily receive water through direct 
precipitation, runoff, and snowmelt. These wetlands lose water primarily through 
evapotranspiration, which varies temporally and geographically in the PPR but is typically 
greater than precipitation inputs. Snowmelt, occurring when soils are frozen, typically accounts 
for the majority of surface runoff to prairie-pothole wetlands (Gray and others, 1970; Pomeroy 
and Gray, 1995). This snowmelt runoff provides an initial input of water to wetlands making 
them available for breeding waterfowl early in the season. The input from snowmelt alone can 
generally last until early July. However, additional rainfall is needed to sustain wetland water 
levels for the entire season (Shjeflo, 1968). Because the hydrology of prairie-pothole wetlands is 
largely determined by atmospheric conditions, it is believed that wetlands of the PPR will be 
negatively impacted by climate change primarily due to increased evapotranspiration.  
 The response of prairie-pothole wetlands to increases in temperature associated with 
climate change has been explored by numerous studies (e.g., Larson, 1995; Poiani and others, 
1996; Johnson and others, 2010; Niemuth and others, 2010; Johnson and Poiani, 2016; also see 
Chapter 1.0 of this Thesis). It has been found that the percent of ponded-water area in wetlands 
and their associated hydroperiods likely will be negatively impacted by a warmer climate due to 
increased evapotranspiration from wetland ponds. These changes to wetland hydrology, if 
realized, will greatly impact waterfowl populations (Sorenson and others, 1998). However, the 
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impacts of a warmer climate may be offset by increases in precipitation (Johnson and others, 
2010); but there is great uncertainty about how regional precipitation regimes will be influenced 
by climate change. Current predictions add little clarity, suggesting a change of -5 to +10 % for 
the PPR (Intergovernmental Panel on Climate Change, 2013).  
 Land use surrounding wetlands may have a strong influence on wetland hydrology by 
altering runoff and evapotranspiration regimes (Voldseth and others, 2007). Commonly used 
grassland-management practices, such as grazing and burning, alter soil properties and 
vegetative structure that increases runoff making it into wetland basins (Hanson and others, 
1970; Hanson and Lewis, 1978; Blackburn, 1983; Neary, 1995; DeBano and others, 1998). 
Being that snowmelt is typically a major input of water for prairie-pothole wetlands, it may be 
expected that changes in snow distribution may have major impacts on the hydrology of these 
wetlands if these snow distribution changes alter the amount of water entering a wetland. 
Standing vegetation can act as a barrier that slows wind speeds, which may cause blowing snow 
to deposit on the leeward side of vegetation forming large drifts of snow (fig. 10; Greb and 
Black, 1971; Pomeroy and Gray, 1995; Fang and Pomeroy, 2009). If standing vegetation can be 
reduced or removed in uplands surrounding wetlands then more snow may be distributed by the 
wind and be caught by vegetation and/or the wetland basin topography. In fact, farmers in the 
PPR often burn wetland vegetation in order to reduce snow catch within basins in order to reduce 
ponded-water area in fields, thereby enabling them to cultivate additional areas around the drier 
wetland basins.  
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Figure 10. Snow captured in a prairie-pothole wetland by standing vegetation. 
  Management practices of grazing and prescribed burning attempt to mimic historical 
disturbances that played a large role in promoting the structure and diversity of grasslands in the 
Great Plains. Today, areas in the PPR that have excluded grazing or burning have been shown to 
have decreased native-species diversity, while also supporting an increased number of non-native 
species (Murphy and Grant, 2005; Grant and others, 2009; DeKeyser and others, 2013). 
Specifically, two non-native grasses, smooth brome (Bromus inermis) and Kentucky bluegrass 
(Poa pratensis), have significantly invaded unmanaged grasslands in the PPR (Grant and others, 
2009; DeKeyser and others, 2015). The effects of these changes in species composition on 
wetland hydrology are largely unknown. However, a field that was planted into smooth brome 
caused wetlands within the field to completely dry up while surrounding wetlands remained wet 
(van der Kamp and others 1999). Also, the thatch layer created by Kentucky bluegrass can 
decrease infiltration rates until the thatch layer becomes saturated (Taylor and Blake, 1982). 
While both grazing and burning may be necessary to maintain the diversity of grasslands within 
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the PPR these management practices may also have major impacts on the hydrology of this 
system. 
Previous wetland/climate-change modeling results have suggested that effects of 
increased temperatures may be ameliorated by altering management within wetland catchments 
(Voldseth and others, 2009). However, there has been little empirical evidence of the impacts of 
upland management on the hydrology of prairie-pothole wetlands. Here I present the results of a 
study exploring the impacts of grazing, fall prescribed burning and idling on vegetative structure 
and plant community composition in wetland catchments. I also explore the effects of grazing, 
fall prescribed burning, idling, and constructed snow fences on snow distribution in prairie-
pothole wetland catchments.  
2.2. Methods 
I implemented a field study to detect the impacts of grassland management and snow 
management on prairie-pothole-wetland hydrology. With the information gained from the field 
study I could then determine if the selected managements could be used as a strategy to 
ameliorate the effects of climate change on prairie-pothole wetlands. Wetlands remained dry due 
to dry conditions in the fall and winter after treatments were applied. Thus, the effects of the 
applied managements on runoff into the wetlands could not be tested. Therefore, I only present 
the results of changes in vegetative structure and snow distribution. 
2.2.1. Study Area 
 The application of three management strategies were applied to wetland catchments 
located on the United States Fish and Wildlife Service’s (USFWS) Woodworth Study Area 
(WSA). The WSA is located on the eastern portion of the Missouri Coteau in Stutsman County, 
North Dakota (fig. 11). The area is characterized by irregular terrain with numerous interspersed 
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wetlands. The soils of the studied wetland catchments are of glacial till origin (Omodt and 
others, 1968). The climate of the area is typical of a continental region with long cold winters 
and warm summers with temperatures ranging from 2.8 °C in January to 37.8 °C in July. Annual 
precipitation averages about 43 cm, but is highly variable with periods of drought and deluge 
(Meyer, 1985). 
 
Figure 11. Location of the Woodworth Study Area (WSA) within Stutsman County, North 
Dakota. 
 The WSA was purchased by the USFWS in 1964 and has been managed as a research site 
since that time. Prior to federal ownership, parts of the study area had been cultivated (Williams 
and Austin, 2014). These areas have since been reseeded to perennial grass and forb cover.  
In the summer of 2014, I selected 12 wetlands and their associated catchments based on 
wetland ponded-water permanence and location (fig. 12). Temporary electric fences were 
installed surrounding each wetland catchment to exclude them from grazing that took place on 
the management unit in 2015. All of the catchments had been managed in a similar manner since 
purchased by USFWS in 1964. The primary management strategy of the wetland catchments 
from 1964–2013 was non-use with occasional prescribed burning (Williams and Austin, 2014). 
Four of the catchments were cultivated prior to federal ownership and have since been planted 
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into a mix of perennial grasses and legumes (Meyer, 1985; fig. 12).  One of three management 
strategies (treatments) was randomly assigned to each wetland catchment. The three treatments 
applied were grazing, a fall prescribed burn, and idling (control). Grazing took place from mid-
May to late-July 2015. The grazing treatment was applied across the entire management unit and 
thus the temporary electric fences were removed from these wetland catchments to allow access 
to cattle. Prescribed burns were conducted in early November 2015 and only burned the 
individual wetland catchments. Snow fences were constructed on separate wetlands in addition 
to the management strategies in order to detect the impacts of increased snow on wetland 
hydrology. The catchments with constructed snow fences did not receive any other management. 
In total, three wetland catchments were grazed, three were burned, three were controls (no 
treatments) and three were not grazed or burned, but had constructed snow fences to increase 
snow capture (fig. 12). 
 
Figure 12. Distribution of study wetlands and applied treatments on the Woodworth Study Area. 
The area outlined in black was previously cultivated and seeded into a mix of perennial grasses 
and legumes. 
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2.2.2. Vegetation Structure and Composition 
Pretreatment plant community attributes were measured in each wetland catchment using 
modified Daubenmire cover class estimates of plant cover in ¼ m
2
 quadrats (Daubenmire, 1959; 
table 5). Quadrats were located every two meters along two 30-meter transects along the north 
and south facing back-slope position, every two meters along two 20-meter transects in the toe-
slope position, every two meters along two 20-meter transects wet-meadow zone, and at 10 
quadrats random locations in the shallow-marsh zone of each wetland. Litter depth was also 
recorded at the center of each quadrat to estimate average litter depth at each landscape position.  
50 ten-pin point-frames were also used along the backslope of the catchment area to get an 
estimate of basal cover and bare ground prior to treatment. All sampling was repeated the 
summer after treatments had been applied to quantify management induced change.  
Table 5. Modified Daubenmire cover classes with associated midpoints. 
 
 
 
 
 
 
Visual obstruction, measured using a Robel pole (Robel and others, 1970), was also 
quantified in the fall before treatments were applied and repeated in the fall after treatments were 
applied along two perpendicular cross sectional transects in each wetland and its surrounding 
catchment. The Robel pole was developed as a method to estimate vegetation biomass; however, 
here I used the Robel pole to measure structural differences within vegetation.  
Cover Class Percent Cover Midpoint 
1 0-1% 0.5% 
2 2-5% 3% 
3 5-25% 15% 
4 25-50% 37.5% 
5 50-75% 62.5% 
6 75-95% 85% 
7 95-100% 97.5% 
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2.2.3. Snow Distribution 
Each winter, I measured snow depth along the same transects used for the Robel pole 
measurements.  Snow cores were collected with a 60mm acrylic tube at each of 15 sampling 
points along each transect. Each core was weighed with a portable scale. Snow depth and weight 
measurements were used to calculate the Snow Water Equivalent (SWE; eq. 1), i.e., the amount 
of water contained within a given volume of snowpack. As snowfall amounts differed 
significantly for each year of the study a proportional SWE was calculated to compare the effects 
across years. Proportional SWE was calculated by dividing the SWE measured within the study 
wetlands by a baseline measurement of the total snowfall during the winter season. 
                                                   (Equation 1) 
2.2.4. Data Analysis 
I compared means and their associated 95% confidence intervals before and after 
treatments were applied to test the effects of the applied treatments. I estimated confidence 
intervals using R statistical software (version 3.3.1; R Core Team, 2016) by sampling from a 
simulated distribution. Measurements were compared for each study wetland before and after 
each treatment. If a 95% confidence interval straddled zero it was assumed that there was no 
detected effect, and if the 95% confidence intervals did not straddle zero then an effect was 
detected with the mean representing the size of the effect. Confidence intervals provide a 
measure of uncertainty and effect size in terms of the measured units and therefore provide more 
relevant information than hypothesis testing (Gardner and Altman, 1986; Schmidt and Hunter, 
1997; Johnson, 1999).  
I used Nonmetric Multidimensional Scaling (NMS) to detect treatment changes in plant 
species composition. This multivariate analysis technique is recommended for use with 
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community data because NMS does not have an underlying assumption of normality, an 
assumption typically not met with ecological community data (McCune and Grace, 2002). I 
conducted the NMS analysis using the R statistical software (version 3.3.1; R Core Team, 2016) 
and the ‘metaMDS’ function in the ‘vegan’ package (Oksanen and others, 2016). I determined 
the number of axis used as the minimum number that still maintained a stress value less than 
0.20 (Clarke 1993). The Bray-Curtis dissimilarity index was used as it is recommended for 
vegetation data. Additionally, 95% confidence intervals were created for each group using the 
function ordiellipse in the ‘vegan’ package (Oksanen and others, 2016).  
2.3. Results 
2.3.1. Vegetation Structure and Composition 
Grazing and prescribed burning significantly influenced the vegetation structure within 
wetland catchments (fig. 13). Burning reduced Robel height in both the upland and wetland 
vegetation by 0.22 m and 0.45 m, respectively. Grazing decreased the Robel height of the upland 
vegetation by 0.18 m but did not have a detectable effect (i.e., 95 % confidence interval 
overlapped 0) on the wetland vegetation. Vegetation structure of the control wetlands, both in the 
upland and the wetland, did not change over the course of the study. 
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Figure 13. Comparison of means with 95% confidence intervals of differences in Robel heights 
of upland and wetland vegetation. 
 Treatments had similar effects on the litter depth within the wetland catchments (fig. 14). 
Litter depth was reduced in the backslope, toeslope, and wet-meadow zone of the burn 
treatments by 4.56 cm, 5.61 cm, and 6.33 cm, respectively. Grazing reduced litter depth in the 
backslope and toeslope by 3.21 cm and 4.14 cm, respectively. Grazing did not have a detectable 
effect on litter depth in the wet-meadow zone. No pre-treatment versus post-treatment effect was 
detected in all catchment positions for the control treatment.  
 Basal litter cover was also impacted by burning and grazing (fig. 15). The burn treatment 
reduced basal litter cover by 22.8% along the backslope of the catchments. Grazing reduced 
basal litter cover by 1.3%. No changes in basal litter cover were detected for the control 
treatment. 
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Figure 14. Comparison of means with 95% confidence intervals of differences in litter depth in 
the backslope, toeslope and wet-meadow landscape positions. 
 
Figure 15. Comparison of means with 95% confidence intervals of differences in basal litter 
cover along the backslope of the wetland catchments. 
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NMS ordination (k=2, stress=0.17) did not reveal any detectable changes in vegetative 
communities among the treatment groups based on the large overlap of 95% confidence intervals 
(fig. 16). Ellipses represent the 95% confidence intervals of each group. Groups are plotted by 
treatment and year, with 2014 being pre-treatment and 2016 being post-treatment. Overlapping 
ellipses are considered not significantly different. 
2.3.2. Snow Distribution 
Applied treatments of burning and grazing did not significantly increase water input in 
terms of SWE for the study wetlands; however, constructed snow fences did increase SWE (fig. 
17). Grazing did not have a detectable effect on the SWE distribution. A fall prescribed burn 
reduced SWE by 29.2% over the entirety of the wetland catchments, however burning did not 
produce a detectable impact on SWE directly over the wetlands. The constructed snow fence 
increased SWE by 17.0% over the entire catchment, but did not have a detectable impact on 
SWE over the wetlands. The majority of study wetlands were dry directly after snowmelt due to 
dry fall conditions and lower than average snowfall. Thus, the effects of changes in snow 
distribution on wetland hydrology could not be tested. 
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Figure 16. Nonmetric Multidimensional Scaling of vegetative communities by treatment and 
year (2014 = pre-treatment, 2016 = post-treatment); (A) control, (B) burn, (C) graze. Ellipses 
represent 95% confidence intervals of each group by year. Overlapping ellipses are considered 
not significantly different. Note: ordination space is the same for all three graphs; ellipses are 
plotted separately by treatment for clarity. 
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Figure 17. Comparison of means with 95% confidence intervals of differences in proportional 
Snow Water Equivalent (SWE) over the entire catchment and directly over the wetlands. 
2.4. Discussion 
 The applied treatments of grazing and fall prescribed burning significantly impacted 
vegetation structure. However, the changes in vegetative structure caused a decrease in the 
amount of SWE over the burned wetlands. The SWE of the burned wetlands was reduced by an 
average of 29.2% over the entire catchment, but the SWE within the wetland basin itself was not 
impacted. It is unsure how the reduction of snow in the upland would impact wetland hydrology. 
However, it is expected that it would have a significant negative impact as runoff from snowmelt 
accounts for the largest input of water into prairie-pothole wetlands (Shjeflo, 1968).  
 Grazing reduced vegetative height within the surrounding catchments, but did not impact 
the height of the vegetation in the wetland. I hypothesized that the reduction of vegetation height 
in the upland would cause snow to blow off the uplands and get caught by the wetland 
vegetation. However, my data did not support this hypothesis, i.e., I did not detect a significant 
influence of vegetation height changes on SWE distribution within the catchments. However, 
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this may be related to the unusually low amount of snowfall experienced by the region during the 
period of my study. 
 Applied managements reduced litter depth and litter cover. This change in litter is likely 
to have a significant impact on runoff. It has been shown that decreases in litter by grazing can 
increase runoff after winter snowmelt (Hanson and Lewis, 1978). This increase in runoff from 
decreased litter may be confounded by the fact that the majority of the litter within the study 
wetlands used was from Kentucky bluegrass. Kentucky bluegrass litter is hydrophobic until it 
has become fully saturated (Taylor and Blake, 1982). Thus, high levels of Kentucky bluegrass 
litter may actually increase runoff during rainfall events.  
 It is likely that changes in soil structure and surface characteristics caused by the applied 
managements would alter runoff and evapotranspiration rates, which would likely have impacts 
on a wetlands water budget. However, the impacts of these changes could not be tested as the 
majority of wetlands used in this study were dry the season following treatment applications. 
This was due to unusually dry conditions in the fall and winter after treatments were applied. The 
recorded precipitation during the fall and winter at the nearest weather station was 7.26 cm, 
while the 30-year average for the same station is 15.93 cm (NOAA, 2016). Therefore, additional 
research is recommended to explore the impacts of the applied managements on a larger spatial 
and temporal scale.  
 It is also important to note that the applied managements represent disturbances that were 
present in native prairie ecosystems (Axelrod, 1985; Knapp and others, 1999). Therefore, the 
control (idling) used in this experiment does not truly represent natural conditions of the PPR. 
Rather, the control used represents a human-induced state that in and of itself has likely altered 
hydrology of the studied wetlands. Therefore, it may be unlikely that changes in upland 
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management alone can fully ameliorate the impacts to prairie-pothole wetlands from warmer 
temperatures associated with a changing climate. Rather, a reduction in greenhouse gas 
production may be necessary to lessen the levels of expected warming and the associated 
negative impacts to prairie-pothole-wetland hydrology. 
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CHAPTER 3. AMELIORATING CLIMATE-CHANGE IMPACTS ON PRAIRIE-
POTHOLE-WETLAND HYDROLOGY THROUGH UPLAND MANAGEMENT 
3.1. Introduction 
The Prairie Pothole Region (PPR) is made up of millions of wetlands which are highly 
dependent on climatic conditions (Shjeflo, 1968; Winter and Rosenberry, 1998). It is because of 
this dependence on atmospheric conditions that these wetlands are expected to be vulnerable to 
changes in climate (Larson, 1995; Poiani and others, 1996; Johnson and others, 2010; Niemuth 
and others, 2010; Johnson and Poiani, 2016). Evapotranspiration rates are generally higher than 
water inputs for prairie-pothole wetlands in the region and will increase with the warmer 
temperatures associated with climate change.  
The Intergovernmental Panel on Climate Change (IPCC) has projected that average 
temperatures of Earth’s surface may increase by 1.5 to 4 °C by 2100, depending on the level of 
continued CO2 output (IPCC, 2013). The impacts of climate change are expected to vary 
regionally. It has been projected that the Great Plains may experience temperature increases of 
3.7 to 6.1 °C by the 2090s (Ojima and others, 2002). Air temperatures of the PPR have 
experienced a 1 °C increase over the past century (Millet and others, 2009). Globally, 
precipitation is expected to increase with temperature, however regional projections of 
precipitation are more difficult to model due to spatial and temporal variability. Currently, it is 
expected that precipitation for the Great Plains region will vary by -5 to +10 percent from 
historic levels (IPCC, 2013). A significant portion of the PPR has experienced a significant 
increase in precipitation (Millett and others, 2009). However, the increase is within natural 
variability and, thus may not be a product of climate change (Ballard and others, 2014). The 
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changes associated with climate change may be exacerbated or mitigated to some extent with 
changes in land management (Pyke and Andelman, 2007). 
Land cover surrounding prairie-pothole wetlands can have significant impacts on wetland 
hydrology (Voldseth and others, 2007). Due to the effects changing land cover has on runoff and 
evapotranspiration, it is believed that land-cover changes can be used to mitigate the effects of 
climate change on prairie-pothole-wetland hydrology (Voldseth and others, 2009). Grazing and 
burning, which are both common grassland-management techniques, can increase runoff and 
alter evapotranspiration regimes by altering the vegetative structure and soil properties (NEH-4, 
1964; Hanson and others, 1970; Hanson and Lewis, 1978; Blackburn, 1983; Neary, 1995; 
DeBano and others, 1998; Bremer and Ham, 1999).  
Here I explore the use of grazing and burning as a climate-change mitigation strategy for 
seasonally ponded prairie-pothole wetlands. I used a wetland-system simulation model in order 
to test the strategy of using grazing and burning as a climate mitigation strategy.  
3.2. Methods 
I used a wetland-system simulation model currently being developed by the U.S. 
Geological Survey (Mushet and others, unpublished model) to explore the effects of a warmer 
climate on a class III (Stewart and Kantrud, 1971), seasonally ponded wetland (CLSA Wetland 
T8). I performed a sensitivity analysis to detect the size of effects caused by altering various 
model inputs. I also simulated a number of scenarios in which I explored the use of upland 
management as a tool to mitigate the effects of a warmer climate. The scenario runs include data 
gained from my field experiment (see chapter 2) looking at the effects of grazing and burning on 
snow distributions.  
77 
 
3.2.1. Study Area 
 Field data used in the model were collected at the Cottonwood Lake Study Area (CLSA) 
located on the eastern portion of the Missouri Coteau in Stutsman County, North Dakota (fig. 
18). The CLSA is a long term study site being monitored by the U.S. Geological Survey (Mushet 
and Euliss, 2012). Research on the CLSA began in 1966 and includes observations on 
hydrology, water chemistry, climate, vegetation, aquatic macroinvertebrates, amphibians, and 
birds.  
 
 
Figure 18. Location of the Cottonwood Lake Study Area (CLSA) within Stutsman County, 
North Dakota. 
3.2.2. Model Description 
The single-basin wetland-system model simulates both shallow groundwater in a 
catchment and the wetland’s ponded area (Mushet and others, unpublished model). Inputs used 
to model the wetland pond include daily average temperature, daily precipitation, and wetland 
basin morphometry. Precipitation in the form of rain either falls directly on the wetland or the 
upland with surface runoff being calculated with the Soil Conservation Service runoff curve 
number method (NEH-4, 1964).  When air temperatures are lower than 0 °C, precipitation 
accumulates as a snowpack, which melts after a specified date. Snowpack directly over the 
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wetland area goes directly into ponded water, while runoff from the upland snowpack is 
dependent on the Palmer Hydrologic Drought Index (Palmer, 1965) from the prior Fall. Water 
losses include evapotranspiration, shallow groundwater loss, and spill. Evapotranspiration is 
calculated using the Hamon Equation for potential evapotranspiration (Hamon, 1961). Shallow 
groundwater losses are accounted for using the equation from Huang and others (2013). Spill 
occurs when the water level of the wetland reaches a low point in the divide between adjacent 
catchments.  
The model was calibrated to wetland T8 of the CLSA over a 23-year period (1982–2005). 
Temperature and precipitation data were collected on the CLSA with missing values being 
replaced by a weighted average of three nearby weather stations. The Runoff Curve Number is 
based off of a soil’s hydrologic soil group and ground-cover type (NEH-4, 1964). The soils of 
wetland T8’s catchment belong to the soil hydrologic group ‘B’ (Soil Survey Staff, 2016) and the 
ground-cover type was continuous grass protected from grazing, thus the Runoff Curve Number 
used to represent the historic conditions was 58 (NEH-4, 1964). 
3.2.3. Model Sensitivity 
In order to test the sensitivity of the model to changes in climate and land use, I altered 
various inputs within expected thresholds. In total, I adjusted temperature, precipitation, and the 
runoff curve number. Temperature was adjusted in two different ways, 1) a general increase in 
temperature of +2 and +4 °C across all of the temperature data and 2) a seasonally adjusted 
temperature based on monthly temperature trends from three nearby weather stations 
(Jamestown, Minot, Grand Forks) over a 100-year period from 1907–2006 (table 6; NOAA, 
2016). These monthly temperature changes were to account for predicted temperature changes 
expected for the region (Ojima and others, 2002; Meehl and others, 2004). This trend data was 
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then averaged to equal a +2 and +4 °C change over a year and then added to the original 
temperature data according to the month. Precipitation changes are based on the projections for 
precipitation trends for the region ranging from -5% to +10% (IPCC, 2013). Changes to the 
runoff curve number were based off of changes to ground cover associated with different 
management practices. If ground cover is within 50 to 75%, the runoff curve number was 
adjusted to 69 for hydrologic soil group B, and if ground cover is less than 50% the curve 
number was adjusted to 79 for the same hydrologic soil group (NEH-4, 1964). In order to 
measure the effects of the altered inputs, I measured the average hydroperiod (number of days 
during growing season that a wetland pond contained water), the average water depth in meters, 
and the maximum water depth in meters.  
Table 6. Historical temperature trends for North Dakota by month from 1907–2006. 
Month 
Temperature Change  
from 1907–2006 (°C) 
January 2.61 
February 4.11 
March 1.41 
April 1.27 
May 1.93 
June 1.30 
July 0.80 
August 1.70 
September 1.08 
October 0.35 
November -0.04 
December 1.63 
 
3.2.4. Model Scenarios 
To test the use of grazing and burning as a mitigation strategy for climate change on 
prairie-pothole wetlands I developed and ran several model scenarios using the wetland-system 
simulation model. First, I ran two climate simulations with monthly adjusted temperatures for an 
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average increase of 2 °C and 4 °C without any management occurring in the uplands. Then I 
modeled the climate scenarios paired with the effects of grazing and burning. The grazing 
scenario represents a season-long grazing regime at a moderate to heavy grazing intensity. This 
grazing scenario would reduce vegetation cover and prevent a mulch layer from forming. A 
runoff curve number of 79 was used to approximate runoff a moderate to heavy grazing scenario 
(NEH-4, 1964). Grazing at this level was not found to alter snow distributions at a nearby study 
site (see chapter 2). The burning scenario represents a 5-year fall burn interval. The effects of 
burning on the runoff curve number are not well studied for the region in question; therefore I 
estimated a runoff curve number of 80 for this scenario based off of previous research on the 
effects of burning on the runoff curve number in other regions (Cerrelli, 2005; Livingston and 
others, 2005; Yochum and Norman, 2015). The temporal effects of burning have received very 
little attention, thus I have estimated that the effects of a burn on the runoff curve number would 
gradual decrease for four years following the fire. Snow cover was reduced by 29.2% the winter 
following the burn based on a nearby field study (see chapter 2). 
3.3. Results 
3.3.1. Model Validation 
The wetland-system simulation model accurately simulated pond water levels for 
Wetland T8 compared to observed water levels over the 24-year record (fig. 19). The model 
accurately depicts the initial water input in the spring of each year and the seasonal draw down 
during the summer months. The model also picks up on a period of drought (mid-1980’s to 
early-1990) in which the pond of Wetland T8 remained dry, and a period of deluge (early-1990’s 
to early-2000) in which historically high water levels were observed at the site.  
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Figure 19. Simulated (light blue) and observed (black) water levels (meters above sea level) of 
Wetland T8 of the Cottonwood Lake Study Area (1982–2005). The dashed line represents the 
bottom of the wetland basin, i.e., the elevation at which the pond becomes dry. 
3.3.2. Model Sensitivity 
I altered model inputs within expected limits to test the sensitivity of the wetland-system 
simulation model to changes in climate and land use (table 7). Both the general temperature 
increase and the monthly adjusted temperature increase resulted in similar decreases to 
hydroperiod, average water depth, and max water depth. However, the model was slightly more 
sensitive to the general temperature increases. The model was also sensitive to changes in 
precipitation with a 10% increase in precipitation causing average water levels to be 3 times 
higher than water levels under the historical climate. Increases in the runoff curve number caused 
increased wetland water levels. Average water depth was the measure most sensitive to changes 
in climate and runoff curve number, while maximum water depth was the least sensitive.  
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Table 7. Model sensitivity to changes in (A) climate and (B) runoff curve number. Values 
represent averages over a 23-year period from 1982–2005. Numbers in parenthesis represent the 
percent deviation from the historical model.  
 
3.3.3. Model Scenarios 
Simulated water levels and hydroperiod were much lower under the climate-change 
scenarios in the absence of upland management (fig. 20, table 8). The simulated seasonal 
wetland dried up 23 days sooner on average with a 2 °C increase in temperature and 34 days 
sooner with a 4 °C increase in temperature. Average water levels were reduced by 46.7% and 
73.3%, respectively for a 2 °C and 4 °C increase in temperature. Maximum water levels were 
reduced by 30.5% and 45.8%, respectively for a 2 °C and 4 °C increase in temperature. 
(A) 
 Historical +2 °C + 4 °C 
+2 °C 
adjusted 
monthly  
+4 °C 
adjusted 
monthly  
-5% 
precip. 
+5% 
precip. 
+10% precip. 
Hydroperiod 
(days) 
51.42 
28.92 
(-43.8) 
16.25 
(-68.4) 
28.42 
(-44.7) 
17.50 
(-66.0) 
40.13 
(-22.0) 
66.75 
(+29.81) 
101.04 
(+96.5) 
Average 
Water Depth 
(m) 
0.15 
0.07 
(-53.3) 
0.03 
(-80.0) 
0.08 
(-46.7) 
0.04 
(-73.3) 
0.11 
(-26.7) 
0.25 
(+66.7) 
0.51 
(+240.0) 
Max Water 
Depth (m) 
0.59 
0.43 
(-47.5) 
0.31 
(-47.5) 
0.41 
(-30.5) 
0.32 
(-45.8) 
0.52 
(-11.9) 
0.68 
(+15.3) 
0.91 
(+54.2) 
(B) 
 
Historical Runoff Curve Number 69 Runoff Curve Number 79 
Hydroperiod 
(days) 
51.42 
65.88 
(+28.1) 
90.83 
(+76.6) 
Average 
Water Depth 
(m) 
0.15 
0.25 
(+66.7) 
0.44 
(+193.3) 
Max Water 
Depth (m) 
0.59 
0.65 
(+10.2) 
0.81 
(+37.3) 
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Figure 20. Simulated water levels (meters above sea level) of Wetland T8 of the Cottonwood 
Lake Study Area (1982–2005) under the historical climate (black), plus 2 °C (light blue) and plus 
4 °C (red). The dashed line represents the bottom of the wetland basin, i.e., the elevation at which 
the pond becomes dry. 
Applying managements to the uplands of the simulated wetland by increasing the runoff 
curve number decreased the effect of the increased temperatures (table 8). The effects of a 2 °C 
temperature increase were mostly offset when a runoff curve number representative of moderate 
to heavy grazing in the uplands was used. Water levels in the 4 °C warmer climate were not fully 
offset by adjusting the curve number to simulate a moderate to heavy grazing regime. The 4 °C 
temperature increase, when combined with a curve number representative of moderate to heavy 
grazing resulted in a hydroperiod that was reduced by 46.7%. The average and max water levels 
were reduced by 33.3% and 30.5%, respectively. The use of a 5-year burn interval was not 
sufficient in completely offsetting either the 2 °C or 4 °C temperature increase. With both the 2 
°C and 4 °C temperature increases and a 5-year burn interval, the hydroperiod was shortened by 
84 
 
23.8% and 51.9%, respectively. Average water levels were reduced by 20% and 53.3% for a 2 °C 
and 4 °C temperature increase, respectively and max water levels were reduced by 16.9% and 
35.6%, respectively. 
Table 8. Modeled climate-change scenarios with no management, moderate to heavy grazing, 
and a 5-year burn interval. Values represent averages over a 23-year period from 1982–2005. 
Numbers in parenthesis represent the percent deviation from the historical model. 
 
3.4. Discussion 
Through the use of a wetland-system simulation model, I demonstrated the likely 
significant impacts of a warmer climate on a class III seasonal wetland, one of the most common 
wetland types in the PPR. A 2 °C temperature increase resulted in the modeled wetland ponded-
water period being on average 23 days shorter each season; an average of 34 days shorter with a 
4 °C temperature increase. Average and maximum water levels were also significantly lower 
under both warmer climate scenarios. These changes in wetland hydrology could cause 
significant problems for breeding waterfowl (Sorenson and others 1998), amphibians (Mushet 
and others 2011), and other biota with lifecycles tied to the level and permanence of ponded 
water in these wetlands.  
 No Management Moderate to Heavy Grazing 5 Year Burn Interval 
 
Historical 
 
+2 °C 
adjusted 
monthly 
+4 °C 
adjusted 
monthly 
+2 °C  
adjusted 
monthly 
+4 °C  
adjusted 
monthly 
+2 °C  
adjusted 
monthly 
+4 °C  
adjusted 
monthly 
Hydroperiod 
(days) 
51.42 
28.42 
(-44.7) 
17.50 
(-66.0) 
48.71 
(-5.3) 
28.96 
(-46.7) 
39.2 
(-23.8) 
24.71 
(-51.9) 
Average 
Water Depth 
(m) 
0.15 
0.08 
(-46.7) 
0.04 
(-73.3) 
0.16 
(+6.7) 
0.10 
(-33.3) 
0.12 
(-20.0) 
0.07 
(-53.3) 
Max Water 
Depth (m) 
0.59 
0.41 
(-30.5) 
0.32 
(-45.8) 
0.54 
(-8.5) 
0.41 
(-30.5) 
0.49 
(-16.9) 
0.38 
(-35.6) 
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Some of the reductions in water levels caused by a warmer climate were offset in model 
runs that simulated inclusion of upland management. Grazing was able to make up for a 2 °C 
temperature increase; however, it was unable to make up for water losses associated with a 4 °C 
temperature increase. Implementing a 5-year burn interval was insufficient to fully ameliorate 
the effects of either a 2 °C or a 4 °C increase in average temperature. These results suggest that 
upland management may work as a technique to offset some of the impacts of a warmer climate 
on wetland hydrology. However, these techniques will only be a partial fix that will not be able 
to accommodate more than 2 °C in warming.  
Further offsets may be made through increases in precipitation. Model results show that 
wetland water levels respond positively to increased precipitation. However, it is currently 
unclear how increased CO2 levels will impact precipitation regimes at a regional level. Globally, 
precipitation is expected to increase with higher temperatures; however these patterns vary 
significantly on a regional level (IPCC 2013). Currently, portions of the PPR have experienced 
an increase in precipitation (Millett and others, 2009), but it is unclear how those patterns will 
continue into the future (Ballard and others, 2014). The effects of warming above 2 °C may be 
offset if changes in management and increases in precipitation do occur; however more 
information will be needed on the regional effects of climate change on precipitation.  
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